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Realizing single light bullets and vortices that are stable in high dimensions is a long-standing goal in the study of
nonlinear optical physics. The storage and retrieval of such stable high-dimensional optical pulses may offer a variety
of applications. Here, we present a scheme to generate such optical pulses in a cold Rydberg atomic gas. By virtue of
electromagnetically induced transparency, strong, long-range atom–atom interaction in Rydberg states is mapped to
light fields, resulting in a giant, fast-responding nonlocal Kerr nonlinearity and the formation of light bullets and
vortices carrying orbital angular momenta, which have extremely low generation power and very slow propagation
velocity, and can stably propagate, with the stability provided by the combination of local and nonlocal Kerr non-
linearities. We demonstrate that the light bullets and vortices obtained can be stored and retrieved in the system with
high efficiency and fidelity. Our study provides a new route for manipulating high-dimensional nonlinear optical
processes via controlled optical nonlinearities in cold Rydberg gases.
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1. INTRODUCTION
High-dimensional spatiotemporal optical solitons, alias light bullets
(LBs) [1], are solitary nonlinear waves localized in m-spatial dimen-
sions and one time axis m 1D;m  1, 2, 3. In recent years,
the study of LBs has attracted intensive theoretical and experimental
interests [2] because of their rich nonlinear physics and technologi-
cal applications [3–8]. Experimental signatures of LBs in different
types of optical media, such as 2 1D LBs in LiIO3 crystals [9]
and quasi-3 1D LBs in waveguide arrays [10,11], have been
reported. Recently, trains of 3 1D dark solitons have been ob-
served in a photo-refractive material by Lahav et al. [12]. These LBs,
however, generally suffer severe instability, which typically propagate
just a few diffraction lengths. To alleviate the rapid distortion of the
LBs, short pulses (on the order of femtosecond) with high laser
powers were commonly used experimentally. It is difficult to apply
these LBs in optical information processing, where a key require-
ment is the on-demand generation, storage, and retrieval of low
power single LBs [13]. A remaining challenge is to identify optical
media with tunable dispersion, diffraction, and optical nonlinear-
ities, such that stable single LBs can be manipulated.
Theoretical efforts have attempted to study the formation
of LBs with different mechanisms. A commonly used approach
for creating stable 3 1D LBs is to exploit local and nonlocal
optical nonlinearities with quite different response times. These
nonlinearities have been examined, e.g., in nematic liquid crystals
[14–16] and lead glass [17], in which the nonlocal nonlinearity
(resulted from the reorientation [14–16] or thermal motion
[17] of molecules) has a very long response time (typically on
the order of second or even longer), while the local nonlinearity
(resulted from the electronic Kerr effect) has a very short response
time (on the order of femtosecond). Due to the mismatch between
slow response and short propagation time, LBs were realized in the
form of pulse-train solitons but not single LBs [12]. A different
approach is based on electromagnetically induced transparency
(EIT) in atomic gases [18], in which optical absorption can be
largely suppressed due to quantum interference. Together with
Kerr nonlinearities [19,20] induced by resonant laser fields, it has
been shown that stable 1 1D temporal [21–23] and spatial
[24,25] optical solitons can form. Though promising, the local
nature of the Kerr nonlinearity does not support stable LBs, which
suffer unavoidable catastrophic collapse during propagation.
On the other hand, recent theoretical [26] and experimental
[27] studies revealed that strong and long-range optical nonlinear-
ities can be built with Rydberg atoms [20,28,29], which are in
electronically high-lying states with large principal quantum
number n [30]. Large dipole moments in Rydberg states render
a strong, long-range Rydberg–Rydberg interaction between re-
mote atoms. Rydberg interactions find applications in quantum
information, precision measurement, quantum simulation, and
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many-body physics [20,28,29,31,32]. Importantly, the Rydberg–
Rydberg interaction can be mapped to a nonlocal optical nonlin-
earity through EIT, which is strong even at the single photon level
[20,28,29]. Long lifetimes (on the order of tens of microseconds)
guarantee that the induced optical nonlinearities are largely coher-
ent during light propagation [33–35]. This provides a new plat-
form to study quantum nonlinear optics [28] and develop new
photon devices, such as single-photon switches and transistors
[36–38], quantum memories, and phase gates [39–44].
In this work, we present a scheme for the generation and
storage of stable 3 1D LBs in highly tunable cold gases of
Rydberg atoms. A key element is the co-existence of giant non-
local and local optical Kerr nonlinearities. The former features a
fast (sub-microsecond) response [45], which is complemented by
the latter [46,47], whose response is relatively slow (on the order
of microseconds). In conjunction with tunable dispersion and dif-
fraction, this allows us to precisely control dynamics of LBs. To go
beyond the commonly used mean-field theory [48–52], we derive
a nonlinear 3 1D light propagation equation taking into
account many-body correlations. We show that the synergetic
nonlocal and local Kerr nonlinearities in the system permit us
to obtain stable single 3 1D LBs as well as LBs that carry
definite orbital angular momentum [i.e., light vortices (LVs)]
[53–58]. We reveal that the stability of such single LBs and
LVs is achieved via a two-step self-trapping mechanism (see be-
low). As a result, stable single bright 3 1D LBs are generated
with ultraslow propagation velocity, extremely low light power,
and narrow bandwidth. More importantly, 3 1D LBs and
LVs obtained can be stored and retrieved in the system with high
efficiency and fidelity, which may have potential applications in
optical information processing and transformation.
2. MODEL
We consider a three-level atomic system with a ladder-type level
configuration, shown in Fig. 1(a). A weak, pulsed probe field of
angular frequency ωp (half Rabi frequency Ωp) couples the
ground state j1i and intermediate state j2i, and a strong, continu-
ous-wave control field of angular frequency ωc (half Rabi
frequency Ωc) couples state j2i and a Rydberg state j3i.
The probe field has a pulse length τ0 at the entrance of the
medium. The electric-field vector of the system is Er, t P
lp, celE l expikl · r − ωl t  c:c:, where el kl  is the unit
polarization vector (wavevector) of the electric-field component
with envelope E l l  p, c. A possible experimental arrangement
of beam geometry is shown in Fig. 1(b).
The system works at an ultracold temperature, and the probe
and control fields counter-propagate [i.e., kp  0, 0, kp,
kc  0, 0, − kc], so that the center-of-mass motion of the
atoms and dephasing due to the atomic collisions are negligible.
Under the electric-dipole approximation, the system Hamiltonian
is HˆH  N a
R
d3rHˆH r, t with
HˆH 
X3
α1
ℏωαSˆααr, t − ℏΩpSˆ12r, t Ωc Sˆ23r, t  h:c:
N a
Z
d3r 0Sˆ33r 0, tℏV r 0 − rSˆ33r, t,
where N a is atomic density, ℏωα is the eigenenergy of atomic
state jαi, Ωp  ep · p21Ep∕ℏ and Ωc  ec · p32Ec∕ℏ are,
respectively, the half Rabi frequencies of the probe and control
fields (with pαβ the electric dipole matrix element associated with
the transition from jβi to jαi), and Sˆαβ are transition operators
α, β  1, 2, 3 satisfying the commutation relation Sˆαβr, t,
Sˆμνr 0, t  N −1a δr − r 0δανSˆμβr, t − δμβSˆανr 0, t. In the
last term on the right hand side (RHS), ℏV r − r 0 
−ℏC6∕jr − r 0j6 is the van der Waals (vdW) interaction potential
with dispersion coefficient C6 between the Rydberg atoms located
at the positions r and r 0, respectively.
To study propagation of the probe field, we assume the size of
the atomic gas is much larger than the Rydberg blockade radius
(given later). Depletion of the control field will be neglected
(except in the discussion of LB memories), additionally assuming
that the weak probe pulse is still a classical field (consisting of
many photons), so that a semi-classical approach can be used.
With slowly varying envelope approximation, the propagation
of the probe field is governed by the Maxwell equation [18]:
i

∂
∂z
 1
c
∂
∂t

Ωp 
c
2ωp
∇2⊥Ωp  κ12ρ21  0, (1)
where ∇2⊥  ∂2∕∂x2  ∂2∕∂y2, κ12  N aωpjp12j2∕2ϵ0cℏ,
with ϵ0 the vacuum dielectric constant, and ρ21 ≡ hSˆ21i is the
coherence between level j1i and j2i. The dynamics of the density
matrix ρˆ is governed by the Bloch equation:
∂ρˆ
∂t
 − i
ℏ
HˆH , ρˆ − Γρˆ, (2)
where Γ is the relaxation matrix denoting decay rates due to spon-
taneous emission and dephasing of the system [59]. For explicit
expression of Eq. (2), see Section 1.A of Supplement 1.
3. 3 1D NONLINEAR ENVELOPE EQUATION
Due to the Rydberg–Rydberg interaction, the Bloch Eq. (2) for
one-body correlators ραβr, t  hSˆαβr, ti involves two-body
correlators ρ33,3αr 0, r, t ≡ hSˆ33r 0, tSˆ3αr, ti, for which three-
body correlators ραβ,μν,ζηr 0 0, r 0, r ≡ hSˆαβr 0 0, tSˆμνr 0, tSˆζηr, ti
Fig. 1. Rydberg atomic model. (a) EIT level scheme, where the ground
state j1i, intermediate state j2i, and Rydberg state j3i are, respectively,
driven by a pulsed probe field (with pulse duration τ0) and a strong con-
trol field. State j2i has a large spontaneous decay rate Γ12 ∼MHz. The
weak decay Γ23 ∼ KHz from j3i to j2i is also taken into account. The
van der Waals interaction ℏV r − r 0 between the two atoms in Rydberg
states, respectively located at r and r 0, shifts the Rydberg state energy.
(b) Geometry of the system. The probe and control laser fields
counter-propagate in the Rydberg gas. Depletion of the strong control
field is neglected. (c) Storage and retrieval of a 3 1D light bullet,
illustrated by an isosurface plot of the light intensity of the light bullet
before storage (z  0), at the beginning of the storage (z  5.4 mm),
and after the storage (z  10.8 mm); see text for details.
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will be involved, etc. (see Section 1 of Supplement 1). Thus, we
obtain an infinite hierarchy of equations for correlators of one-
body, two-body, three-body, and so on. It is difficult to solve
the hierarchy of equations for many-body correlators by employ-
ing conventional techniques. Fortunately, since in our consider-
ation the probe field is relatively weak, we can solve the hierarchy
of equations by using the method of multiple scales [22,23,60].
Our calculations for solving the Maxwell–Bloch (MB) Eqs. (1)
and (2) are exact to third order (i.e., up to Ω3p), and hence n-body
correlators (n ≥ 3) can be neglected safely. By assuming
Ωp ∼ F expiK z − ωt [61], it turns out that the envelope F of
the probe pulse satisfies the 3 1D nonlinear equation (see
Section 2 of Supplement 1):
i

∂
∂z
 α0

U −
1
2
K 2
∂2U
∂τ2
 c
2ωp
∇2⊥U W 1jU j2U

Z
d2r 0⊥G2r 0⊥ − r⊥jU r 0⊥, z, τj2U r⊥, z, τ  0, (3)
where r⊥  x, y, 0, U  F exp−α0z [with α0  ImK  a
decay constant] τ  t − z∕V g is traveling coordinate, K 2 
∂2K ∕∂ω2 describes group velocity dispersion, W 1 
κ12Ωc a232  ω d 312a211  a233 ∕Dω is the coefficient
describing the local optical Kerr effect contributed from the
photon–atom interaction, and G2r 0⊥ − r⊥  κ12N αΩc ∕DωR∞
−∞ a
3
33,31r 0 − rV r 0 − rdz 0 (the kernel in the integral) is a
reduced effective interaction potential describing the nonlocal
optical Kerr effect contributed from the Rydberg–Rydberg
interaction. For explicit expressions of K  K ω (linear
dispersion relation), Dω, a211 , a232 , and a233 , see Section 2 of
Supplement 1. The explicit expression of a333,31r 0 − r is given in
Section 1.B of Supplement 1.
Note that the second and third terms in Eq. (3) represent,
respectively, the dispersion and diffraction, and the fourth and
fifth terms are the local and nonlocal Kerr nonlinearities of the
system. Different from Ref. [49], in our approach, a non-zero
two-photon detuning Δ3 is assumed, which is needed to obtain
the local Kerr nonlinearity (i.e., W 1 ≠ 0). As will be illustrated
explicitly below, the local Kerr nonlinearity is very crucial for the
formation of stable, single 3 1D LBs and LVs in the system.
Furthermore, equations for the diagonal elements of the density
matrix ρˆ and those for related two-body correlators are taken into
account in our approach. Because the diagonal elements of ρˆ and
related two-body correlators contribute also to both the local and
nonlocal Kerr nonlinearities, such consideration is not only for
consistency in theory but also for giving reasonable results for
both the local and nonlocal Kerr nonlinearities. In addition,
our approach is semi-classical in nature, thus valid only for
classical probe regime. It is different from that used in Ref. [51],
where the Kerr nonlinearity in a quantum probe regime was stud-
ied for a 1 1D system, and no LBs or LVs or their storage and
retrieval were considered.
4. ULTRASLOW WEAK LIGHT BULLETS AND
VORTICES
We now discuss possible LBs in the system. To be concrete,
we consider strontium atoms (88Sr) in this work, although our
approach is valid for other Rydberg atomic gases. The energy
levels shown in Fig. 1(a) are selected as j1i  j5s2 1S0i,
j2i  j5s5p1P1i, j3i  j5sns1S0i, with n the principal quantum
number [62]. The spontaneous emission rates of the atoms are
given by Γ12  2π × 16 MHz, Γ23  2π × 16.7 kHz, so one
has γ21  Γ12∕2, γ31  Γ23∕2, γ32  Γ12  Γ23∕2. For this
choice, the vdW interaction in 1S0 states is isotropically
attractive (C6 > 0), which is important to realize a self-focusing
nonlinearity.
The form of the solution of the 3 1D envelope Eq. (3)
depends heavily on the property of the nonlocal Kerr nonlinearity,
which is characterized by the nonlocality degree of the system.
The nonlocality degree can be described by using the parameter
Rb∕R0. Here, Rb is the spatial width of the effective interaction
potential G2r⊥ − r 0⊥, i.e., the Rydberg blockade radius, defined
by [49] Rb  jC6d 21j∕2jΩc j21∕6; R0 is the transverse spatial
width of the probe-pulse envelope U , which can be measured by
the transverse beam radius of the incident probe pulse. For exam-
ple, a Gaussian-type incident pulse U  U 0 exp−r⊥∕R02,
with r⊥  x2  y21∕2. Hence, the nonlocality degree can be
tuned by adjusting R0 or Rb.
In the following, we take the system parameters in the disper-
sive regime (i.e., jΔ2j≫ Γ12). Exact values of parameters will be
given later. This allows us to divide the nonlocality degree of the
system into three typical regions [29,49]: (i) Rb∕R0 ≪ 1 (local
response region); (ii) Rb∕R0 ∼ 1 (nonlocal response region);
and (iii) Rb∕R0 ≫ 1 (strong nonlocal response region). We will
discuss different types of LB solutions supported by the Rydberg
medium.
A. Local Response Region
We first consider the case when the range of the Rydberg–
Rydberg interaction (equivalently, the spatial width of the effec-
tive atomic interaction potential G2) is much smaller than that of
the beam radius of the probe pulse), i.e., Rb∕R0 ≪ 1. Figure 2(a)
shows ReG2r 0⊥ − r⊥ (real part of G2 ), ImG2r 0⊥ − r⊥
(imaginary part of G2 ), and jU∕U 0j2 (the intensity profile of
the probe field) as functions of r 0⊥∕Rb by taking R0  300−m
(and hence Rb∕R0  0.019). In the figure, we see that jU j2 varies
very slowly compared with G2, and hence the integralR
d2r 0⊥G2r 0⊥ − r⊥jU r 0⊥, z, τj2U r, τ can be approximated
Fig. 2. Effective atomic interaction potential G2 as functions of
r 0⊥∕Rb. We show the local response region (a) with R0  300 μm, non-
local response region; (b) with R0  10 μm, and strong nonlocal re-
sponse region; and (c) with R0  1 μm. In all situations, real parts (blue
solid line) dominate the imaginary part (orange dashed line). For a better
visualization, G2 has been amplified 108 times. We also show the inten-
sity profile of the probe field jU∕U 0j2 (black dotted-dashed line). The
purple dashed line in (c) is for the functionG20 ∂2G20∕∂r2⊥r2⊥∕2.
Parameters are Δ2  −15Γ12 and Rb  jC6Δ2j∕2jΩc j21∕6  5.8 μm.
These parameters guarantee that the system is in the dispersive nonlin-
earity regime (i.e., jΔ2j ≫ Γ12).
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by R d2r 0⊥G2r 0⊥ − r⊥jU r,τj2U r,τ W 2jU r,τj2U r,τ.
Here,W 2 
R
d2r 0⊥G2r 0⊥  P∕Q , with P ≃ −i4π2κ12N a
ﬃﬃﬃﬃﬃﬃ
C6
p
jΩc j42ω d 21  d 31, Q ≃ 3DωjDωj2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D3ω
p
, and
D3ω  D22ω d 21jΩc j2 − D22ω d 31. This means
that for a large probe-field radius, the nonlocal Kerr effect con-
tributed by the Rydberg–Rydberg interaction reduces into a local
Kerr nonlinearity. As a result, Eq. (3) is simplified into a local
nonlinear Schrödinger (NLS) equation with the Kerr coefficient
given byW 1 W 2. Since the probe-beam radius in this response
region is large, the diffraction effect of the system is negligible; the
problem is simplified into a 1 1D one, and hence 1 1D
optical solitons with ultraslow propagating velocity and extremely
low light power can be easily obtained. For a detailed discussion of
the soliton solutions and their properties in this region, see
Section 3 of Supplement 1.
B. Nonlocal Response Region
This region corresponds to Rb∕R0 ∼ 1, which can be achieved by
decreasing the probe-beam radius R0 or increasing the principal
quantum number n (thus Rb). One example is shown in Fig. 2(b).
In the figure, we see that jU j2 varies the same way as G2. In this
case, the nonlinear optical response contributed by the Rydberg–
Rydberg interaction depends not only on a particular point on the
light intensity, but also on a certain neighborhood of the field.
To seek possible LBs in the system, we write Eq. (3) into the
dimensionless form
i
∂u
∂s


∂2
∂ξ2
 ∂
2
∂η2

u gd
∂2u
∂σ2
 g1juj2u

Z
dξ 0dη 0N ξ − ξ 0, η − η 0juξ 0, η 0, s, σj2uξ, η, s, σ
 id 0u, (4)
and through new scalings, s  z∕2Ldiff , ξ, η  x, y∕R0,
gd  −Ldiff K˜ 2∕τ20, d 0  −2Ldiff∕LA, g1  2W˜ 1jU 0j2Ldiff , and
N ξ, η, s  2LdiffR20jU 0j2G˜2ξ, η. Note that in Eq. (4), there
are four main effects, i.e., the diffraction, dispersion, local, and
nonlocal Kerr nonlinearity (the dissipation denoted by id 0u is
a small quantity), which are equally important. In general, for
such an equation, no stable LB is possible because a balance
between these four effects is hard to achieve.
However, as indicated in the first section, different from the
systems considered in Refs. [9–12,14–17], stable, single LBs
bounded in all spatial directions and in time can be realized in
the present Rydberg-EIT system. The reasons are the following:
(i) the nonlocal Kerr nonlinearity coming from the Rydberg–
Rydberg interaction [described by the last term on the left hand
side of Eq. (4)] has very fast response speed (with response time
on the order of 0.1 μs) [45], and this is very different from the
slow nonlocal optical nonlinearity in the systems studied in
Refs. [12,14–17], where the response time of the nonlocal optical
nonlinearity is in the range of 1 s or even longer; and (ii) the
nonlocal optical nonlinearity (χ3p ∼ 10−8 m2 V−2) by the
Rydberg–Rydberg interaction is much stronger and possesses a
faster response speed than the local optical nonlinearity
(χ3p ∼ 10−11 m2 V−2) by the photon–atom interaction [described
by the fourth term on the left hand side of Eq. (4), which has a
response time on the order of 1 μs]. Based on these important prop-
erties (absent in the systems considered in Refs. [9–12,14–17]), a
single 3 1D LB can form in the system via the following
two-step mechanism for self-trapping: when a single 3 1D probe
pulse is incident into the system, it is first self-trapped in the two
transverse (i.e., x, y) dimensions via the balance between the dif-
fraction and the fast nonlocal Kerr nonlinearity; then it is further
stabilized in the longitudinal (i.e., z) direction by the balance be-
tween the dispersion and the slow local Kerr nonlinearity. Through
such two-step self-trapping processes, a stable, single LB very
different from those obtained in Refs. [9–12,14–17] can be real-
ized by the synthetic nonlocal and local Kerr nonlinearities in the
Rydberg atomic gas. Such LB can form in a very short distance and
extremely low light power due to the giant Kerr nonlinearities and
ultraslow propagation velocity of the probe pulse resulted from the
Rydberg-based EIT effect.
Before presenting the LB solution, we make an estimation on
numerical values of the coefficients in Eq. (4). We choose
R0  10 μm, τ0  9 × 10−7 s, U 0  0.3Γ12, Δ2  −15Γ12,
Δ3  −0.02Γ12, Ωc  Γ12, and Na  8.2 × 1010 cm−3. Then
we obtain Rb∕R0  0.6, gd  0.134, and g1  0.27. We thus
have the diffraction length Ldiff  1.36 mm and the dispersion
length LD LLN  10 mm. As expected, Ldiff ≪ LD, which
supports the two-step mechanism for self-trapping described above
(i.e., the diffraction plays its role earlier than the dispersion).
According to the above analysis, we can assume the LB
solution takes the form
u  As exp

−
ξ2  η2
2w2s s

sech

σ
wts

× exp

−iCss
ξ2  η2
2w2s s
− iCts
σ2
2
 iϕs

, (5)
where the parameter ws is the transverse beam radius, wt is the
pulse duration, Cs is the wavefront curvature, and Ct is the tem-
poral chirp of the probe pulse. All four parameters depend on
variable s. In the ansatz (5), the factor exp−ξ2  η2∕2w2s s
is based on the balance between the diffraction and the nonlocal
Kerr nonlinearity, and the factor sechσ∕wts is based on the
balance between the dispersion and the local Kerr nonlinearity.
We employ a variational method to solve Eq. (4) by taking the
ansatz (5) to be a LB solution [63]. Through a Ritz optimization
procedure, the LB energy E, defined by E  RRR juj2dξdηdσ 
2πA2w2s wt , is calculated as a function of the transverse beam
width ws, with the result shown in Fig. 3(a). We observe that
there are three branches for the LB solution, i.e., curves C1,
C2, C3. In the region where ∂E∕∂ws < 0 (curve C2), the LB
is stable. Yet, in regions ∂E∕∂ws > 0 (curves C1 and C3), the
LB is unstable. This conclusion is verified by linearizing varia-
tional equations around the LB solution and examining their
eigenvalues and eigenfunctions; it is also checked by using a
numerical simulation on Eq. (4) directly. Figures 3(b)–3(d) show
results for pulse energy E, beam width ws, and pulse duration wt
as functions of z∕2Ldiff , obtained, respectively, by choosing
initial conditions from curves C1, C2, and C3 in Fig. 3(a),
i.e., ws,wt ,E  0.08, 0.06, 1.15 [Fig. 3(b)], ws,wt , E 
0.66, 0.41, 0.44 [Fig. 3(c)], ws,wt ,E  1.5, 1.1, 0.55
[Fig. 3(d)]. We see that only in the case in Fig. 3(c) do the
LB’s beam width ws, pulse duration wt , and energy E remain
almost unchanged, which means that the LB in the region of
curve C2 is indeed stable during propagation. Note that the stable
single LB solution obtained here is localized in all three spatial
dimensions and also in time.
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Moreover, Eq. (4) admits stable 3 1D LBs carrying orbital
angular momenta (i.e., LVs). To demonstrate this, we take
u  umpξ, η, σ,φ as a test solution, with
ump 
Cmpﬃﬃﬃﬃﬃwsp
 ﬃﬃﬃ
2
p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ξ2  η2
p
ws
jmj
exp

−
ξ2  η2
w2s

× Ljmjp

2ξ2  η2
w2s

sech

σ
wts

eimφ, (6)
where Ljmjp are the generalized Laguerre–Gauss (LG) polynomials,
with m and p radial and azimuthal indices, respectively. The an-
satz (6) (in the absence of the factor sechσ∕wt with the normali-
zation constant Cmp 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2jmj1p!∕πp jmj!
p
is called LGmp
mode. Since LˆzLGmp  mℏLGmp , here Lˆz  −iℏ∂∕∂φ, and
LGmp mode carries orbital angular momentum mℏ along the z
direction [53].
In Fig. 4, we illustrate the evolution of juj2. Panel (a) is for the
LB [i.e., the fundamental mode LG00] with atomic density
N a  3 × 1010 cm−3; panel (b) is for the light vortex correspond-
ing to mode LG10N a  4.95 × 1010 cm−3. In the simulation,
the beam radius R0 for both modes is taken to be 10 μm. In
Figs. 4(a) and 4(b), we see that for the lower-order modes
LG00 and LG10, the pulses have nearly no deformation after
propagating to z  8Ldiff ≈ 10.9 mm.
However, pulses corresponding to the higher-order LG modes
may not keep their shape in the nonlocal response region. To
show this, we carried out the simulation on the evolution of
the LV corresponding to LG21 by choosing R0  1.67Rb,
0.83Rb, and 0.42Rb, with the result shown in panels (a), (b),
and (c) in Fig. 5, respectively. We see that for a small beam radius
[R0  0.42Rb; Fig. 5(c)], the vortex is relatively stable compared
with that having a large beam radius [R0  1.67Rb; Fig. 5(a)].
This result means that if the degree of nonlocality in the system
increases (i.e., R0 is reduced for fixed blockade radius Rb), the
lifetime of the vortex pulse may be increased significantly.
C. Strongly Nonlocal Response Region
We now turn to consider the situation when the range of the
Rydberg–Rydberg interaction is much larger than that of the
beam radius of the probe pulse, i.e., Rb∕R0 ≫ 1, which corre-
sponds to the case shown in Fig. 2(c), where ReG2, ImG2,
and jU∕U 0j2 as functions of r 0⊥∕Rb are shown by taking R0 
1 μm (and hence Rb∕R0  5.8). We see that, compared with
jU∕U 0j2, the response function G2 is very flat near r 0⊥  r⊥,
which means that G2r 0⊥ − r⊥ ≈ G2r⊥ ≈ G20 G 0 02 0r2⊥∕2
[64,65], plotted by the purple dashed line in Fig. 2(c), agreeing
well with the exact one near r⊥  0 [i.e., ReG2 (blue solid line);
ImG2 is very small]. In this case, Eq. (3) can be reduced into the
dimensionless form
i
∂u
∂s


∂2
∂ξ2
 ∂
2
∂η2

u gd
∂2
∂σ2
u g1juj2u
− g4ξ2  η2u  id 0u, (7)
Fig. 3. Stability of light bullets. (a) Light bullet energy E as a function
of the transverse beam width ws . In the region where ∂E∕∂ws < 0 (i.e.,
curve C2), the light bullet is stable; in regions ∂E∕∂ws > 0 (i.e., curves
C1 and C3), the light bullet is unstable. Panels (b), (c), and (d) are
numerical results of E , ws (transverse beam width), and wt (pulse dura-
tion) as a functions of z∕2Ldiff , obtained by choosing initial conditions
from curves C1, C2, and C3 in panel (a). Stability of parameter set
ws ,wt ,E with initial conditions (0.08, 0.06, 1.15) (b), (0.66, 0.41,
0.44) (c), and (1.5, 1.1, 0.55) (d).
Fig. 4. Evolution of light bullets and vortices in the nonlocal response
region. (a) Evolution of juj2 with the fundamental mode LG00 (i.e., light
bullet), as a function of x∕Rb and y∕Rb when propagating to the distance,
respectively, at z∕2Ldiff   0, 1, 2, 3, and 4 for atomic density
N a  3 × 1010 cm−3. (b) Evolution of juj2 with the higher-order mode
LG10 (i.e., light vortex) for N a  4.95 × 1010 cm−3.
Fig. 5. Evolution of light vortices corresponding to the mode LG21 in
the nonlocal response region. Evolution of juj2 as a function of x∕Rb and
y∕Rb when propagating to the distance at z∕2Ldiff   0, 1, 2, 3, and 4,
respectively. Parameters are R0  1.67Rb, N a  9.9 × 1010 cm−3 (a),
R0  0.83Rb, N a  1.46 × 1011 cm−3 (b), and R0  0.42Rb, N a 
5.3 × 1011 cm−3 (c) with Rb  6 μm. Other system parameters are
the same as those used in Fig. 4.
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where U  U 0u expig3, g3  2LdiffP0G20, and g4 
−LdiffR20P0G
2
2 0, with P0 
R
d2r⊥jU j2 the power of the
probe pulse (approximately a constant). The definitions of s,
η, and ξ are the same as those defined above. Thus, in the strongly
nonlocal response region, the nonlocal Kerr nonlinearity contrib-
uted by the Rydberg–Rydberg interaction reduces into a parabolic
“external potential.” The physical reason for this reduction is that
all the photons in the probe pulse experience an almost alike
effective potential due to the very narrow probe beam radius
and the very wide distribution of the potential.
Before presenting LB and LV solutions, we first give an
example of numerical values of the coefficients in Eq. (7). We
choose Δ3  −0.003Γ12, Δ2  −10Γ12, R0  1.86 μm, τ0 
2.6 × 10−7 s, N a  5.8 × 1012 cm−3, U 0  0.15Γ12, and C6 ≃
2π × 167 THz μm6 (for the principal quantum number
n  120). With these parameters, we obtain diffraction length
Ldiff  0.047 mm, and hence the blockade radius Rb 
19 μmRb∕R0  10.2, gd  1.0 − 0.07i, g1  2.0 − 0.014i,
d 0  −0.03, g4  2 0.1i. Thus, the system is within the
strongly nonlocal region with a very small dissipation.
Similarly, a variational method is employed to solve Eq. (7) by
using the ansatz (6) as test LB and LV solutions; their stability is
investigated through a linear stability analysis. Then a numerical
simulation starting directly from Eq. (4) working in this strong
nonlocal response region is carried out by taking the solutions
obtained via the variational method as an initial condition,
together with a random disturbance to it. Specifically, we take
U z  0,x, y, t U 01 εf Rumpz  0,x, y, texpig3, with
ε being a typical amplitude of the perturbation, and f R being
a random variable uniformly distributed in the interval [0, 1].
We find that the system allows indeed stable LBs and LVs.
Shown in Figs. 6(a) and 6(b) are time evolution of the 3
1D LB and LV [corresponding to the fundamental mode
LG00 and the higher-order mode LG21] by taking ε  0.1,
where isosurface plots are illustrated of these pulses when propa-
gating to distances s  z∕2Ldiff   0, 1, 2, 3, 4, respectively. We
observe that these 3 1D nonlinear optical pulses relax to self-
cleaned forms quite close to the unperturbed ones, and their
shapes undergo no apparent change during propagation.
Based on the solution (6) and using the parameters given
above, we get the propagating velocity of the LBs and LVs:
V LB ≈ 1.25 × 10−6c, (8)
much slower than the light speed in vacuum. The maximum aver-
age power density Pmax for generating such LBs and LVs can be
obtained by using Poynting’s vector [22], which is estimated to be
P¯max ≈ 0.2 nW, (9)
which corresponds to the maximum average peak intensity
I¯max ≃ 3.6 × 10−4 Wcm−2. Consequently, the 3 1D LBs
and LVs obtained in the present Rydberg-EIT system have ultra-
slow propagating velocity and extremely low generation power,
which are very different from those obtained by using other
schemes.
5. STORAGE AND RETRIEVAL OF 3 1D WEAK
LIGHT BULLETS AND VORTICES
One of main advantages of EIT is the possibility for realizing an
active manipulation of optical pulses by tuning system parame-
ters. Especially, optical pulses can be stored and retrieved through
switching off and on of the control field. In recent years, a number
of studies have been carried out to build light memories using EIT
[18,23,66], including ones performed in Rydberg atomic systems
[39,41]. However, it is generally difficult to realize the memory
of high-dimensional nonlinear optical pulses via conventional
EIT because of the catastrophic collapse during propagation.
Nevertheless, we will show that the storage and retrieval of the
LBs and LVs with high efficiency and high fidelity are possible
in the present Rydberg-EIT system.
To this end, we investigate the evolution of the LBs and LVs
described above through solving the MB Eqs. (1) and (2) and by
using a control field that is switched on and off adiabatically,
which can be described by the switching function with the form
ΩctΩc0f1−1∕2 tanht −T off ∕T s 1∕2 tanht −T on∕T s g,
where T off and T on are times at which the control field is
switched off and on. The duration of the switching time is
T s, and the storage time of the probe pulse is approximately given
by T on − T off.
A. Memory in the Nonlocal Response Region
We first study the storage and retrieval of the 3 1D LB in the
nonlocal response regime. The spatial waveshape of the input
probe pulse is taken as a fundamental LG mode [i.e., LG00
mode], and the temporal profile is assumed as a hyperbolic secant
one. Figure 1(c) shows the numerical result of the probe-pulse
intensity jU∕U 0j2 during the process of storage and retrieval.
The pulse waveshapes for z  0 (before storage), z  4Ldiff
(at the beginning of storage), and z  8Ldiff (after storage), with
Ldiff  1.36 mm, are plotted. We see that when the control field
Ωc is switched on, the 3 1D LB is created; by switching off
the control field, the LB is stored in the atomic medium; then the
LB is retrieved when Ωc is switched on again. Note that the re-
trieved LB has nearly the same waveshape as that before storage.
During storage, the information of the LB is converted into that
of atomic spin wave (i.e., the coherence ρ13). The slight deforma-
tion of the LB after storage is due to dissipation (dephasing and
spontaneous emission) as well as the small imbalance between the
diffraction, dispersion, and nonlinearities in the system.
It is possible to store LVs in the nonlocal response regime in
the same way. As an example, we show the storage and retrieval of
a 3 1D LV of LG10 mode in Fig. 7. The black dashed line in
the figure shows the process of the switching on, switching off,
and re-switching on of the control field jΩcτ0j. Curves 1, 2, and 3
are temporal profiles of the probe pulse jΩpτ0j when the LV prop-
agates at z  0 (before storage), z  4Ldiff (at the beginning
of storage), and 8Ldiff (after storage), respectively. Corresponding
Fig. 6. Evolution of light bullets and light vortices in the strongly non-
local response region. Evolution of juj2 with LG00 mode [panel (a); light
bullet] and LG21 mode [panel (b); light vortex], obtained based on solv-
ing Eq. (3). Isosurface plots of the pulses are shown when propagating
to distances s  z∕2Ldiff   0, 1, 2, 3, 4, respectively.
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isosurface plots with jΩpτ0j  0.1 illustrate the storage of
retrieval of the LV.
The quality of the storage and retrieval of optical pulses
can be characterized by two parameters, i.e., memory efficiency
η and memory fidelity ζ, which are defined in Section 4 of
Supplement 1. Based on the results obtained above, for LB [LV
with LG10 mode], we have η  93.12% and ζ  90.57%
(η  92.38% and ζ  89.01%) for Lz  8Ldiff  10.9 mm,
which means that the memory of the LBs and LVs in the
Rydberg atomic system is quite high.
For comparison, Fig. 8 shows the result of the memory for the
LB when the Rydberg–Rydberg interaction is absent. We see that
the LB suffers a significant deformation after storage, with the
fidelity of memory only 6.3% (for the memory of LVs without
the Rydberg–Rydberg interaction, the fidelity is even lower),
which cannot be applied for light information processing because
the information is lost during storage.
B. Memory in the Strong Nonlocal Response Region
We now turn to the strong nonlocal response region and explore
the storage and retrieval of the 3 1D LBs and LVs. Shown in
Fig. 9(a) [Fig. 9(b)] is the numerical result of the storage and
retrieval of a 3 1D LB [LV with the LG21 mode]. In the
figure, the black dashed line is the time sequence of the switching
on and switching off of the control field jΩcτ0j. Curves 1, 2, and 3
are temporal profiles of the probe pulse jΩpτ0j, respectively, at
z  0 (before storage), z  6Ldiff (at the beginning of storage),
and 12Ldiff (after storage), with Ldiff  0.047 mm; the corre-
sponding isosurface plots for jΩpτ0j  0.1 are also illustrated.
Here, system parameters used in the calculation are the same
as those given in the nonlocal regime discussed above but with
R0  1.86 μm, Rb  19 μm, and τ0  2.7 × 10−7 s. In the fig-
ure, we see that the LB (LV) after storage retains nearly the same
waveshape as that before storage. The efficiency and fidelity of the
LB memory (LV memory) in this strong nonlocal region can
reach to η  93.97% and ζ  91.86% (η  93.14% and
ζ  89.11%). Even higher values can be reached by tuning sys-
temic parameters (i.e., transverse beam radius R0 or principal
quantum number n) to enhance the nonlocality.
The calculation on the storage and retrieval of other (higher-
order) LVs in the strong nonlocal response region is also carried
out (not illustrated here). The result shows that optical memories
of higher-order LVs can also be realized with high efficiency and
fidelity. All these results indicate that the Rydberg medium
supports high-quality memory for various LG modes. Since LG
modes carry definite orbital angular momentum and hence more
information, the use of the strong, nonlocal Rydberg–Rydberg
interaction provides the possibility to realize a high-quality
multi-dimensional light memory.
6. CONCLUSION
In summary, we have carried out a detailed investigation on the
formation, propagation, and storage of ultraslow weak-light bul-
lets and vortices via Rydberg-EIT in a cold atomic gas. By using
an approach beyond mean-field theory, we have shown that the
system may acquire two types of Kerr nonlinearities, i.e., the fast-
responding giant nonlocal Kerr nonlinearity (contributed by the
Rydberg–Rydberg interaction) and the relatively weak, slow-
responding local Kerr nonlinearity (contributed by the photon–
atom interaction); both of them are enabled by the Rydberg-EIT.
We have derived a 3 1D nonlinear envelope equation gov-
erning the spatiotemporal evolution of the high-dimensional
probe pulse and present various 3 1D LB and LV solutions.
The resulting LBs and LVs have very slow propagating velocity
Fig. 7. Storage and retrieval of 3 1D light vortices with the LG10
mode in the nonlocal response region. The black dashed line shows the
switching on, switching off, and re-switching on of the control field
jΩcτ0j. The curves 1, 2, and 3 are temporal profiles of the probe pulse
jΩpτ0j, respectively, at z  0 (before the storage), z  4Ldiff (at the
beginning of the storage), and 8Ldiff (after the storage), with Ldiff 
1.36 mm; the corresponding isosurface plots for jΩpτ0j  0.1
are also shown. In the calculation, we have set R0  10 μm, C6 ≃
2π × 81.6 GHz μm6, Ωpτ0  27, Δ2τ0  −1340, Δ3τ0  −1.8, and
Ωc0τ0  90 with τ0  9 × 10−7 s. The control parameters are
T s  0.2τ0, T off  5τ0, T on  15τ0.
Fig. 8. Memory of light bullets for the case without the Rydberg–
Rydberg interaction. Storage and retrieval of 3 1D LB at z  0
(before storage), z  Ldiff (at the beginning of storage), and 2Ldiff (after
storage), with Ldiff  1.36 mm; the corresponding isosurface plots for
jΩpτ0j  0.1 are also shown.
Fig. 9. Storage and retrieval of 3 1D light bullets and light vortices
in the strong nonlocal response region. (a) Memory of the LB [LG00
mode]. The black dashed line shows the switching on and off of the
control field jΩcτ0j. Curves 1, 2, and 3 are temporal profiles of the probe
pulse jΩpτ0j, respectively, at z  0 (before storage), z  6Ldiff (at
the beginning of storage), and 12Ldiff (after storage), with Ldiff 
0.047 mm; the corresponding isosurface plots for jΩpτ0j  0.1 are also
shown. (b) The same as (a) but for the memory of the LV with the LG21
mode.
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and extremely low generation power, and can be stabilized by
the interplay between the synergetic local and nonlocal Kerr
nonlinearities. These 3 1D nonlinear optical pulses can be
dynamically manipulated based on the active character of the
system; especially, they can be stored and retrieved with high
efficiency and fidelity.
Our study expands the breadth in the study of higher-
dimensional, nonlocal nonlinear optics with Rydberg atomic
gases. Recent experiments have reported the proof-of-principle
demonstration of storing light modes with orbital angular mo-
mentum [54–58]. The highly efficient method proposed in this
work has potential applications in topological quantum informa-
tion processing. We expect that our predictions can be verified
by combining experimental techniques on Rydberg-EIT and light
storage developed in recent years with the study of cold Rydberg
gases.
Funding. National Natural Science Foundation of China
(NSFC) (11474099, 11174080, 11847221); The Shanghai Sailing
Program (18YF1407100); China Postdoctoral Science Foundation
(2017M620140); International Postdoctoral Exchange Fellowship
Program (20180040); The UKIERI-UGC Thematic Partnership
(IND/CONT/G/16-17/73); Engineering and Physical Sciences
Research Council (EPSRC) (EP/M014266/1, EP/R04340X/1).
See Supplement 1 for supporting content.
REFERENCES AND NOTES
1. Y. Silberberg, “Collapse of optical pulses,” Opt. Lett. 15, 1282–1284
(1990).
2. Y. S. Kivshar and G. P. Agrawal, Optical Solitons: From Fibers to
Photonic Crystals (Academic, 2006).
3. B. A. Malomed, D. Mihalache, F. Wise, and L. Torner, “Spatiotemporal
optical solitons,” J. Opt. B 7, R53 (2005).
4. D. Mihalache, D. Mazilu, F. Lederer, B. A. Malomed, Y. V. Kartashov,
L.-C. Crasovan, and L. Torner, “Stable spatiotemporal solitons in
Bessel optical lattices,” Phys. Rev. Lett. 95, 023902 (2005).
5. M. Belić, N. Petrović, W.-P. Zhong, R.-H. Xie, and G. Chen, “Analytical
light bullet solutions to the generalized (3+1)-dimensional nonlinear
Schrödinger equation,” Phys. Rev. Lett. 101, 123904 (2008).
6. D. Mihalache, D. Mazilu, F. Lederer, and Y. S. Kivshar, “Collisions be-
tween discrete surface spatiotemporal solitons in nonlinear waveguide
arrays,” Phys. Rev. A 79, 013811 (2009).
7. A. M. Mateo, V. Delgado, and B. A. Malomed, “Three-dimensional gap
solitons in Bose-Einstein condensates supported by one-dimensional
optical lattices,” Phys. Rev. A 82, 053606 (2010).
8. Y. V. Kartashov, B. A. Malomed, and L. Torner, “Solitons in nonlinear
lattices,” Rev. Mod. Phys. 83, 247–305 (2011).
9. X. Liu, L. J. Qian, and F. W. Wise, “Generation of optical spatiotemporal
solitons,” Phys. Rev. Lett. 82, 4631–4634 (1999).
10. S. Minardi, F. Eilenberger, Y. V. Kartashov, A. Szameit, U. Röpke, J.
Kobelke, K. Schuster, H. Bartelt, S. Nolte, L. Torner, F. Lederer, A.
Tünnermann, and T. Pertsch, “Three-dimensional light bullets in arrays
of waveguides,” Phys. Rev. Lett. 105, 263901 (2010).
11. F. Eilenberger, K. Prater, S. Minardi, R. Geiss, U. Röpke, J. Kobelke,
K. Schuster, H. Bartelt, S. Nolte, A. Tünnermann, and T. Pertsch,
“Observation of discrete, vortex light bullets,” Phys. Rev. X 3, 041031
(2013).
12. O. Lahav, O. Kfir, P. Sidorenko, M. Mutzafi, A. Fleischer, and O. Cohen,
“Three-dimensional spatiotemporal pulse-train solitons,” Phys. Rev. X 7,
041051 (2017).
13. R. McLeod, K. Wagner, and S. Blair, “(3+1)-dimensional optical soliton
dragging logic,” Phys. Rev. A 52, 3254–3278 (1995).
14. I. B. Burgess, M. Peccianti, G. Assanto, and R. Morandotti, “Accessible
light bullets via synergetic nonlinearities,” Phys. Rev. Lett. 102, 203903
(2009).
15. M. Peccianti, I. B. Burgess, G. Assanto, and R. Morandotti, “Space-time
bullet trains via modulation instability and nonlocal solitons,” Opt.
Express 18, 5934–5941 (2010).
16. M. Peccianti and G. Assanto, “Nematicons,” Phys. Rep. 516, 147–208
(2012).
17. H. C. Gurgov and O. Cohen, “Spatiotemporal pulse-train solitons,” Opt.
Express 17, 7052–7058 (2009).
18. M. Fleischhauer, A. Imamoglu, and J. P. Marangos, “Electromagnetically
induced transparency: optics in coherent media,” Rev. Mod. Phys. 77,
633–673 (2005).
19. L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behrrozi, “Light speed re-
duction to 17 metres per second in an ultracold atomic gas,” Nature 397,
594–598 (1999).
20. J. D. Pritchard, K. J. Weatherill, and C. S. Adams, “Nonlinear optics using
cold Rydberg atoms,” Annu. Rev. Cold At. Mol. 1, 301–350 (2013).
21. Y. Wu and L. Deng, “Ultraslow optical solitons in a cold four-state
medium,” Phys. Rev. Lett. 93, 143904 (2004).
22. G. Huang, L. Deng, and M. G. Payne, “Dynamics of ultraslow optical sol-
itons in a cold three-state atomic system,” Phys. Rev. E 72, 016617
(2005).
23. Y. Chen, Z. Bai, and G. Huang, “Ultraslow optical solitons and their stor-
age and retrieval in an ultracold ladder-type atomic system,” Phys. Rev.
A 89, 023835 (2014).
24. T. Hong, “Spatial weak-light solitons in an electromagnetically induced
nonlinear waveguide,” Phys. Rev. Lett. 90, 183901 (2003).
25. H. Michinel, M. J. Paz-Alonso, and V. M. Pérez-García, “Turning light into
a liquid via atomic coherence,” Phys. Rev. Lett. 96, 023903 (2006).
26. I. Friedler, D. Petrosyan, M. Fleischhauer, and G. Kurizki, “Long-range
interactions and entanglement of slow single-photon pulses,” Phys. Rev.
A 72, 043803 (2005).
27. A. K. Mohapatra, T. R. Jackson, and C. S. Adams, “Coherent optical
detection of highly excited Rydberg states using electromagnetically in-
duced transparency,” Phys. Rev. Lett. 98, 113003 (2007).
28. O. Firstenberg, C. S. Adams, and S. Hofferberth, “Nonlinear quantum
optics mediated by Rydberg interactions,” J. Phys. B 49, 152003 (2016).
29. C. Murray and T. Pohl, Quantum and nonlinear optics in strongly inter-
acting atomic ensembles, in Advances in Atomic, Molecular, and Optical
Physics (Academic, 2016), Vol. 65, Chap. 7, pp. 321–372.
30. T. F. Gallagher, Rydberg Atoms (Cambridge University, 2008).
31. M. Saffman, T. G. Walker, and K. Molmer, “Quantum information with
Rydberg atoms,” Rev. Mod. Phys. 82, 2313–2363 (2010).
32. R. Löw, H. Weimer, J. Nipper, J. B. Balewski, B. Butscher, H. P. Büchler,
and T. Pfau, “An experimental and theoretical guide to strongly interact-
ing Rydberg gases,” J. Phys. B 45, 113001 (2012).
33. A. V. Gorshkov, J. Otterbach, M. Fleischhauer, T. Pohl, and M. D. Lukin,
“Photon-photon interactions via Rydberg blockade,” Phys. Rev. Lett.
107, 133602 (2011).
34. B. He, A. V. Sharypov, J. Sheng, C. Simon, and M. Xiao, “Two-photon
dynamics in coherent Rydberg atomic ensemble,” Phys. Rev. Lett. 112,
133606 (2014).
35. L. Yang, B. He, J. Wu, Z. Zhang, and M. Xiao, “Interacting photon pulses
in a Rydberg medium,” Optica 3, 1095–1103 (2016).
36. S. Baur, D. Tiarks, G. Rempe, and S. Dürr, “Single-photon switch based
on Rydberg blockade,” Phys. Rev. Lett. 112, 073901 (2014).
37. H. Gorniaczyk, C. Tresp, J. Schmidt, H. Fedder, and S. Hofferberth,
“Single-photon transistor media ted by interstate Rydberg interactions,”
Phys. Rev. Lett. 113, 053601 (2014).
38. H. Gorniaczyk, C. Tresp, P. Bienias, A. Paris-Mandoki, W. Li, I.
Mirgorodskiy, H. P. Büchler, I. Lesanovsky, and S. Hofferberth,
“Enhancement of Rydberg-mediated single-photon nonlinearities by
electrically tuned Fórster resonances,” Nat. Commun. 7, 12480 (2016).
39. D. Maxwell, D. J. Szwer, D. P. Barato, H. Busche, J. D. Pritchard, A.
Gauguet, K. J. Weatherill, M. P. A. Jones, and C. S. Adams, “Storage
and control of optical photons using Rydberg polaritons,” Phys. Rev.
Lett. 110, 103001 (2013).
40. E. Distante, A. Padrón-Brito, M. Cristiani, D. Paredes-Barato, and H. de
Riedmatten, “Storage enhanced nonlinearities in a cold atomic Rydberg
ensemble,” Phys. Rev. Lett. 117, 113001 (2016).
41. L. Li and A. Kuzmich, “Quantum memory with strong and controllable
Rydberg-level interactions,” Nat. Commun. 7, 13618 (2016).
42. H. Busche, P. Huillery, S. Ball, T. Ilieva, M. P. A. Jones, and C. S. Adams,
“Contactless nonlinear optics mediated by long-range Rydberg inter-
actions,” Nat. Phys. 13, 655–658 (2016).
Research Article Vol. 6, No. 3 / March 2019 / Optica 316
43. D. Tiarks, S. Schmidt, G. Rempe, and S. Dürr, “Optical π phase shift cre-
ated with a single-photon pulse,” Sci. Adv. 2, e1600036 (2016).
44. Q. Y. Liang, A. V. Venkatramani, S. H. Cantu, T. L. Nicholson, M. J.
Gullans, A. V. Gorshkov, J. D. Thompson, C. Chin, M. D. Lukin, and
V. Vuletić, “Observation of three-photon bound states in a quantum
nonlinear medium,” Science 359, 783–786 (2018).
45. Q. Zhang, Z. Bai, and G. Huang, “Fast-responding property of electro-
magnetically induced transparency in Rydberg atoms,” Phys. Rev. A
97, 043821 (2018).
46. C. R. Murray and T. Pohl, “Coherent photon manipulation in interacting
atomic ensembles,” Phys. Rev. X 7, 031007 (2017).
47. M. J. Gullans, S. Diehl, S. T. Rittenhouse, B. P. Ruzic, J. P. DÍncao, P.
Julienne, A. V. Gorshkov, and J. M. Taylor, “Efimov states of strongly
interacting photons,” Phys. Rev. Lett. 119, 233601 (2017).
48. H. Schempp, G. Günter, C. S. Hofmann, C. Giese, S. D. Saliba, B. D.
DePaola, T. Amthor, andM.Weidemüller, “Coherent population trappingwith
controlled interparticle interactions,” Phys. Rev. Lett. 104, 173602 (2010).
49. S. Sevinçli, N. Henkel, C. Ates, and T. Pohl, “Nonlocal nonlinear optics in
cold Rydberg gases,” Phys. Rev. Lett. 107, 153001 (2011).
50. J. Stanojevic, V. Parigi, E. Bimbard, A. Ourjoumtsev, and P. Grangier,
“Dispersive optical nonlinearities in a Rydberg electromagnetically-
induced-transparency medium,” Phys. Rev. A 88, 053845 (2013).
51. P. Bienias and H. P. Büchler, “Quantum theory of Kerr nonlinearity with
Rydberg slow light polaritons,” New J. Phys. 18, 123026 (2016).
52. Z. Bai and G. Huang, “Enhanced third-order and fifth-order Kerr nonli-
nearities in a cold atomic system via Rydberg-Rydberg interaction,”
Opt. Express 24, 4442–4461 (2016).
53. D. L. Andrews and M. Babiker, The Angular Momentum of Light
(Cambridge Univeristy, 2013).
54. L. Veissier, A. Nicolas, L. Giner, D. Maxein, A. S. Sheremet, E.
Giacobino, and J. Laurat, “Reversible optical memory for twisted pho-
tons,” Opt. Lett. 38, 712–714 (2013).
55. A. Nicolas, L. Veissier, L. Giner, E. Giacobino, D. Maxein, and J. Laurat,
“A quantum memory for orbital angular momentum photonic qubits,” Nat.
Photonics 8, 234–238 (2014).
56. V. Parigi, V. DÁmbrosio, C. Arnold, L. Marrucci, F. Sciarrino, and J.
Laurat, “Storage and retrieval of vector beams of light in a multiple-
degree-of-freedom quantum memory,” Nat. Commun. 6, 7706 (2015).
57. R. A. De Oliveira, G. C. Borba, W. S. Martins, S. Barreiro, D. Felinto, and
J. W. R. Tabosa, “Nonlinear optical memory for manipulation of orbital
angular momentum of light,” Opt. Lett. 40, 4939–4942 (2015).
58. D. Ding, W. Zhang, Z. Zhou, S. Shi, G. Xiang, X. Wang, Y. Jiang, B.
Shi, and G. Guo, “Quantum storage of orbital angular momentum
entanglement in an atomic ensemble,” Phys. Rev. Lett. 114, 050502
(2015).
59. R. W. Boyd, “Nonlinear Optics,” 3rd Ed. (Academic/Elsevier, 2008).
60. A. Jeffery and T. Kawahawa, Asymptotic Method in Nonlinear Wave
Theory (Pitman, 1982).
61. The frequency and wave number of the probe field are given by ωp  ω
and K p  K ω, respectively. Thus, ω  0 corresponds to the center
frequency of the probe field.
62. S. Mauger, J. Millen, and M. P. A. Jones, “Spectroscopy of strontium
Rydberg states using electromagnetically induced transparency,” J.
Phys. B 40, F319 (2007).
63. S. Raghavan and G. P. Agrawal, “Spatiotemporal solitons in inhomo-
geneous nonlinear media,” Opt. Commun. 180, 377–382 (2000).
64. A. W. Snyder and D. J. Mitchell, “Accessible solitons,” Science 276,
1538–1541 (1997).
65. W. Krolikowski, O. Bang, J. Rasmussen, and J. Wyller, “Modulational
instability in nonlocal nonlinear Kerr media,” Phys. Rev. E 64, 016612
(2001).
66. I. Novikova, R. L. Walsworth, and Y. Xiao, “Electromagnetically induced
transparency-based slow and stored light in warm atoms,” Laser Photon.
Rev. 6, 333–353 (2012).
Research Article Vol. 6, No. 3 / March 2019 / Optica 317
